Purpose To evaluate the relationship between electrophysiological measures of retinal ganglion cell (RGC) function in patients who have idiopathic intracranial hypertension (IIH). Methods The pattern electroretinogram (pERG) and photopic negative response (PhNR) were recorded from 11 IIH patients and 11 age-similar controls. The pERG was elicited by a contrast-reversing checkerboard. The PhNR, a slow negative component following the flash ERG b-wave, was recorded in response to a long-wavelength flash presented against a shortwavelength adapting field. The PhNR was elicited using full-field (ffPhNR) and focal macular (fPhNR) stimuli. Additionally, Humphrey visual field mean deviation (HVF MD) was measured and ganglion cell complex volume (GCCV) was obtained by optical coherence tomography. Results The ffPhNR, fPhNR, and pERG amplitudes were outside of the normal range in 45, 9, and 45% of IIH patients, respectively. However, only mean ffPhNR amplitude was reduced significantly in the patients compared to controls (p \ 0.01). The pERG amplitude correlated significantly with HVF MD and GCCV (both r [ 0.65, p \ 0.05). There were associations between ffPhNR amplitude and HVF MD (r = 0.58, p = 0.06) and with GCCV (r = 0.52, p = 0.10), but these did not reach statistical significance. fPhNR amplitude was not correlated significantly with HVF MD or GCCV (both r \ 0.40, p [ 0.20). Conclusions Although the fPhNR is generally normal in IIH, other electrophysiological measures of RGC function, the ffPhNR and pERG, are abnormal in some patients. These measures provide complementary information regarding RGC dysfunction in these individuals.
Introduction
Idiopathic intracranial hypertension (IIH) is a condition of elevated intracranial pressure (ICP) in individuals who do not have apparent abnormalities in brain structure or cerebrospinal fluid (CSF) [1] . Chronic papilledema, a significant consequence of elevated ICP, can lead to vision loss, with approximately 10% of IIH patients progressing to permanent bilateral blindness [1] [2] [3] . The events resulting in vision loss due to elevated ICP are reviewed elsewhere [4] . In brief, elevated ICP is thought to compress retinal ganglion cell (RGC) axons of the distal optic nerve and their blood supply, which leads to abnormalities in axoplasmic transport, intra-axonal edema, and dysfunction of RGCs, manifesting as vision loss in approximately 50% of cases [5] [6] [7] [8] . Because vision loss is reversible in some individuals, careful assessment and monitoring is critical. In most clinical settings, standard automated perimetry (SAP) is used to evaluate peripheral visual field sensitivity, as the early effects of IIH are typically localized to the peripheral visual field [1, [8] [9] [10] . However, SAP is an inherently subjective test and it may not have the necessary sensitivity to detect early manifestations of RGC injury [11] .
Our group has focused on objective tests of innerretina function in IIH, demonstrating varying degrees of abnormalities in pupillometry [12] and of the photopic negative response (PhNR) of full-field electroretinogram (ERG) [13] . The PhNR is a late negative component of the photopic single-flash ERG that follows the b-wave. This response is most commonly elicited using a long-wavelength flash of light presented against short-wavelength adapting field. A series of studies in animal models [14, 15] and in human patients with inner-retina diseases [16] [17] [18] [19] [20] are consistent with RGCs as the dominant source of the PhNR. The amplitude of the PhNR can be substantially decreased in IIH patients, and the loss of PhNR amplitude is correlated with standard clinical measures including Humphrey visual field mean deviation (HVF MD), Frisén papilledema grade (FPG), as well as with structural changes in RGC volume obtained by optical coherence tomography (OCT) [13] .
In addition to PhNR measurement, other ERG techniques have been proposed to noninvasively assess post-receptor function including the pattern ERG (pERG) [21, 22] and oscillatory potentials (OPs) [23] . The pERG is likely the most studied and best understood approach to studying RGC function [24] , and international standards for measuring this response have been developed [25] . Contrast-reversing checkerboards and grating stimuli are commonly used to elicit the pERG. A previous study of the pERG in IIH patients, which used grating stimuli, found pERG amplitude losses to be greatest for middle to high spatial frequencies (1.4-4.8 cycles/degree) [26] . A recent study using checkerboard stimuli showed small, but significant, losses in pERG amplitude for IIH patients using both moderate and small check sizes [27] . Similar to the PhNR findings, the loss of pERG amplitude was shown to correlate with OCT and visual field measures [27] .
Although comparisons of the PhNR and pERG have been reported in visually normal individuals [16, 20] , glaucoma patients [16, 20, 28, 29] , in a non-human primate model of glaucoma [30] , and in autosomal dominant optic atrophy patients [31] , the relationship between the PhNR and pERG has not been studied systematically in IIH patients. There is some reason to suspect that the PhNR and pERG may not provide identical measures of RGC function in IIH patients. That is, as typically measured, the PhNR is a full-field measure (ganzfeld stimulation) of RGC function that is sensitive to dysfunction of the peripheral retina, whereas the pERG is a macular test of RGC function (restricted area of stimulation). The location and size of the retinal area tested may be important in diseases such as IIH, where the initial site of dysfunction is typically localized to the periphery. Thus, the primary goal of the present study was to compare RGC deficits measured with the PhNR and pERG and to determine how these responses relate to clinical tests of function (SAP) and structure (OCT). To better understand the effect of stimulus size on assessing RGC function, the PhNR was recorded using full-field (ffPhNR) and focal macular (fPhNR) stimuli that had a size equivalent to that of the pERG. The results of this study may be of use in guiding outcome measures in future treatment trials and for better understanding electrophysiological abnormalities in IIH patients.
Methods

Subjects
Eleven subjects who have IIH and current or prior papilledema were recruited from the Neuro-ophthalmology service at the University of Illinois at Chicago (mean age 35.5 years; SD 8.1 years, 10 females). Characteristics of the 11 subjects are provided in Table 1 ; subject 2 participated in a previous study of the PhNR in IIH [13] . The diagnosis of IIH was based on lumbar puncture with opening pressure C 25 cm H 2 O, normal cerebrospinal fluid constituents, and unremarkable brain imaging results [32] . No patient had neurological or ophthalmic disease other than IIH, refractive error greater than 6 diopters, or distance visual acuity worse than 20/20. The 24-2 HVF MD was considered normal (less than 2 dB loss) in 4 subjects, mildly abnormal (2-5 dB loss) in 3 subjects, and moderately to severely abnormal (more than 5 dB loss) in 4 subjects. Optic nerve appearance was evaluated and graded according to the Frisén papilledema grade (FPG) scale [33] : FPG was low (0, 1, 2) in 8 patients and high (3) in 1 patient, and 2 patients had optic atrophy. Data were also obtained from 11 visually normal individuals (mean age 34.2 years; SD 6.1 years, 5 females) without history of ophthalmic or neurological disease. The mean ages of the controls and IIH subjects did not differ significantly (t = 0.66, p = 0.52). The research followed the tenets of the Declaration of Helsinki and was approved by a University of Illinois at Chicago institutional review board. Written informed consent was obtained from all subjects prior to testing.
Apparatus, stimuli, procedure One eye from each subject was selected for testing. For the control subjects, the right eye was selected, whereas the eye with the worse HVF MD value was selected for the IIH patients. Stimuli for both the pERG and PhNR were generated using the Espion V6 electrophysiology console (Diagnosys, LLC). For the pERG, a checkerboard stimulus was displayed on a CRT monitor with refresh rate of 100 Hz (ViewSonic model G90FB). From the 57 cm test distance, each check subtended 0.9°and the total field size was 35°( width) 9 25°(height). The photopic luminance of the light and dark checks was 82.4 and 4.2 cd/m 2 , respectively, yielding a Michelson contrast of 90%. The checkerboard contrast-reversed at 2 Hz (4 reversals per second). Subjects viewed the checkerboard stimulus through appropriate refractive correction. ERGs were recorded with DTL fiber electrodes that were referenced to the ear (gold cup electrode); another gold cup electrode attached to the forehead served as the ground. A minimum of 150 sweeps that were free of blink artifacts were recorded and averaged for analysis for each subject. The pERG signals were recorded at a sampling rate of 2 kHz, with bandpass filter settings of 0.6-100 Hz.
Following the pERG recording, the pupil of the tested eye was dilated with 1% tropicamide and 2.5% phenylephrine hydrochloride drops. The PhNR was elicited using a long-wavelength pulse (dominant wavelength of 642 nm, 3 phot cd s m 2 ) presented against a short-wavelength adapting field (dominant wavelength of 465 nm, 12.5 phot cd m 2 ). The stimulus was either full field (ffPhNR) or focal (fPhNR). Focal stimulation was achieved by inserting a circular aperture (8 cm) between the opening of the ganzfeld dome and the subject's eye. (Description and photographs of the apparatus are presented elsewhere [34] .) The viewing distance was 15 cm, which produced a field size of 32°. This size was selected to produce an area (804 deg 2 ) that was similar to that of the pERG area (875 deg 2 ) . A minimum of five responses that were not contaminated by eye blink artifacts were obtained and averaged for analysis for each subject. The ffPhNR and fPhNR signals were recorded at a sampling rate of 2 kHz with band-pass filter settings of 0.3-300 Hz. As for the pERG recordings, the PhNR was recorded using DTL fiber electrodes, with the ear and forehead serving as reference and ground, respectively. Stimulus wavelength and luminance were verified with a spectroradiometer (SpectraScan Ò 740, Photo Research). Ganglion cell complex volume (GCCV) was measured from 20°9 15°high-resolution macular scans obtained by OCT (Spectralis; Heidelberg Engineering, Inc.) using the Eye Explorer software provided by the manufacturer [35] . To calculate GCCV, the internal limiting membrane was defined based on the automated segmentation feature of the Heidelberg software. Next, the boundary between the inner plexiform layer and inner nuclear layer was defined by manual selection of key points to which a series of splines were automatically fit. GCCV was automatically calculated as the volume between these boundaries within a 3 mm cylindrical volume centered on the fovea.
Data analysis
For the pERG analysis, three amplitude measurements were derived from the waveform: (1) the first positive peak of the waveform (P50), the subsequent negative trough (N95), and the sum of the P50 and N95 components (P50 ? N95). The P50 and N95 were selected using a semi-automated, custom-made MATLAB script (MathWorks, Inc). This semi-automated script also permitted the selection of the a-wave, b-wave, and the PhNR from the full-field and focal single-flash waveforms. The PhNR amplitude was defined as the difference between the mean baseline amplitude (10 ms before the stimulus was presented) and the mean amplitude within a 5-ms window centered at the trough of the response, consistent with a previous definition [13, 36] . In accordance with a previous study, the PhNR amplitude was also normalized by the sum of the PhNR and b-wave amplitudes: PhNR/[PhNR ? b-wave amplitude], which reduces the variation among subjects due to overall response amplitude [36] .
Results Figure 1 shows the ERG traces for each patient compared to the control range (gray region) for the ffPhNR (top), fPhNR (middle), and pERG (bottom). As expected, the waveform obtained under the ffPhNR condition, elicited by a full-field flash, is characterized by a-and b-waves, followed by a slow negative response (the PhNR). The trough of the ffPhNR occurred at approximately 70 ms for both the control subjects and IIH patients. Although 2 of the 11 patients had robust ffPhNRs, the other 9 patients were at the limit of normal or were outside of the normal range. Figure 1b shows that the fPhNR waveform, elicited by the 32°flash, is also characterized by a-and b-waves, followed by the PhNR. However, the a-and b-wave amplitudes were smaller and the trough of the fPhNR was delayed slightly relative to the ffPhNR (approximately 80 ms). The patients' fPhNRs were generally within the upper limit of the control range. The pERG waveforms were characterized by a small N35 component, followed by larger P50 and N95 components. The N35 and P50 response components were generally within the control range for the IIH patients. The N95 component for the patients ranged from normal (N = 6) to attenuated (N = 5). The traces shown in Fig. 1 are intended to illustrate the general pattern of responses; the ffPhNR, fPhNR and pERG amplitudes are examined quantitatively below.
Figure 2 (top) shows the distribution of ffPhNR and fPhNR amplitudes for the patients (each patient is indicated by a symbol that corresponds to that given in Table 1 ) and control subjects (the gray region is the control range; control mean is indicated by the black horizontal bar). The right two data sets shown in Fig. 2 (top) represent the same data normalized to the b-wave, as discussed in Methods; these data are plotted with respect to the right y-axis. For the ffPhNR amplitude (leftmost data set), five IIH patients had amplitudes that fell outside of the normal range (45% of the sample). After normalizing by the b-wave amplitude, six patients (55%) were outside of the normal range (third data set from the left). For the fPhNR, one patient fell slightly outside of the normal range (second data set from the left); after normalization by the b-wave amplitude, one patient was outside of the normal range (rightmost data set). The lower panel of Fig. 2 shows the distribution of the P50, N95, and P50 ? N95 amplitudes for the patients (symbols) and the controls (gray range). All patients had P50 amplitudes in the normal range, whereas 5 patients (45%) had N95 amplitudes that fell outside of the normal range. These 5 patients all had HVF MD losses of at least 3 dB. When the two components were combined (P50 ? N95), two patients fell below the normal range (18%). The rightmost data set shows the normalized N95/P50 amplitude. Normalization had minimal effects on the pattern of data: The same 5 subjects who had N95 amplitude loss also had abnormally low N95/P50 ratios.
The amplitudes were analyzed statistically using a set of two-way repeated measures ANOVAs. ANOVA performed on the non-normalized PhNR data indicated a significant effect of field size (fPhNR vs ffPhNR; F = 37.26, p \ 0.001) and group (control vs IIH; F = 5.02, p = 0.04). There was also a significant interaction between field size and group (F = 8.88, p = 0.01). Bonferroni-corrected pairwise comparisons indicated a significant difference between the patients and controls for the ffPhNR (t = 3.31, p \ 0.01), but not the fPhNR (F = 0.74, p = 0.47). The results of the analyses were not changed materially after normalizing the PhNR by the b-wave. Reducing the field size resulted in a significant amplitude decrease for the control subjects (mean decrease of 42%; t = 12.08, p \ 0.001), but not for the patients (mean decrease of 23%; t = 1.86, p = 0.09). ANOVA performed on the pERG data indicated a significant effect of waveform component (P50, N95, P50 ? N95; F = 192.05, p \ 0.001), but not group (control vs IIH; F = 0.18, p = 0.68). There was no significant interaction between component and group (F = 0.85, p = 0.44), and there were no significant differences between the controls and patients for any pERG component (all t \ 0.75, p [ 0.46). Normalizing the N95 component by the P50 component did not meaningfully affect the results of the analysis: The mean normalized N95 did not differ significantly for the control and IIH subjects (t = 0.77, p = 0.45). Table 2 shows the correlation matrix for the OCT, HVF MD, and ERG measurements for the IIH b Fig. 1 Waveforms obtained for the ffPhNR (top), fPhNR (middle), and pERG (bottom). Each trace represents a response from an IIH subject, and the gray region represents the range of responses from the visually normal subjects Table 3 shows the correlations for the ERG measurements performed in the control subjects. In contrast to the pattern observed for the IIH subjects, log ffPhNR amplitude was correlated significantly with log fPhNR amplitude for the controls (r = 0.89, p \ 0.001). There were also significant correlations between the pERG amplitudes and both PhNR measures, which were generally not observed for the IIH subjects.
Discussion
The present study evaluated RGC function in IIH patients using two established electrophysiological measures of inner-retina function, the PhNR and pERG, and compared these electrophysiological recordings to clinical tests of function (HVF MD) and structure (OCT). The results indicated significant differences in the mean full-field PhNR amplitude between the control and IIH subjects. Although individual subjects had marked pERG N95 amplitude reductions and the mean N95 amplitude was lower in IIH subjects compared to the control mean, the amplitude reduction did not meet the threshold for statistical significance. To better understand the effect of stimulus size on the RGC function measurements, the PhNR was recorded using a focal stimulus (fPhNR) that had a size approximately equivalent to that of the pERG. Reducing the PhNR field size reduced the differences in amplitude between the control and IIH groups, resulting in nonsignificant differences in fPhNR amplitude between the two groups.
The finding of statistically significant amplitude reductions for the IIH subjects for the ffPhNR, but not the fPhNR, can be likely attributed to the retinal area assessed with these stimuli. Specifically, early visual field loss in IIH localizes to the peripheral retina, with macular involvement not occurring until advanced stages of disease [1, [8] [9] [10] . Full-field stimuli capture abnormalities throughout the retina, whereas focal stimuli target central retinal abnormalities. Thus, the difference between full-field and focal responses largely represents the response contributed by the peripheral retina. In this study, reducing the field size decreased the PhNR amplitude for the control subjects substantially, but had less effect for the IIH patients. This suggests that the peripheral retina contributed less to the ffPhNR amplitude for IIH subjects compared to the control subjects, which supports the use of the ffPhNR as a marker of ganglion cell dysfunction in IIH. Of note, the two patients who had the largest ffPhNR amplitudes (patients 3 and 11) did show a clear amplitude reduction for the fPhNR, suggesting that the peripheral retina of these two patients had significant contributions to the ffPhNR. The results of the present study differ somewhat from two previous reports [26, 27] , in that the mean pERG amplitude of the patients and controls did not differ significantly. Alfonso et al. [27] showed small, but statistically significant, amplitude differences between IIH patients and controls (e.g., 1.4 lV for the N95 component), which are slightly larger than those observed in the present study (e.g., 0.8 lV for the N95 component). Falsini et al. [26] , who measured the steady-state pERG, showed amplitude reductions in 77% of their patients. The statistically nonsignificant differences in pERG amplitudes in the present study may be due to our relatively small sample size (11 eyes of 11 patients), compared to the previous studies (38 eyes of 24 patients in [27] and 18 patients in [26] ). Additionally, the steady-state pERG measurement performed previously [26] may have lower variability and a higher signal-to-noise ratio compared to the transient pERG used here. In future work, it would be of interest to compare steady-state and transient pERGs in patients who have IIH. Nevertheless, in the present study, the amplitude reductions in patients who had pERG abnormalities were most apparent in the N95 component. (5 of the 11 IIH patients were abnormal.) In contrast, all of our subjects had a P50 component in the range of normal. This finding is consistent with previous data indicating that the P50 and N95 components may have different sources. Specifically, the N95 component of the pERG is thought to arise mainly from RGCs, whereas the P50 is likely generated by a combination of RGCs and contributions from sources distal to the RGCs [37] . In this context, the selective N95 deficits in our IIH patients suggest a site of dysfunction that is specific to the RGCs.
As indicated above, there was a trend for the pERG N95 to be reduced for the IIH patients (5 of the 11 IIH patients were abnormal), but this trend was not apparent for the fPhNR (only one patient was slightly outside of the normal range), despite the similar areas that these stimuli subtended. This difference is consistent with previous work showing that the pERG can be abnormal in areas of the visual field that have normal perimetric sensitivity [38] [39] [40] [41] [42] . By contrast, PhNR abnormalities appear to be localized to the area of the field defect [16, 43] . This suggests that the PhNR may sample the local activity of the area stimulated, whereas the pERG may pool responses from a broader area (a ''panretinal'' response [16, 38] ). Of note, the poor ability of the fPhNR to identify abnormalities in IIH is not consistent with the good sensitivity and specificity of the fPhNR for identifying abnormalities in early-to-intermediate-stage glaucoma patients [44] . However, the pathophysiology of glaucoma and IIH differ substantially, so findings in glaucoma do not necessarily translate directly to IIH. It is also possible that the macula is more affected in glaucoma than IIH, which could account for the fPhNR differences between IIH and glaucoma.
Consistent with previous work [27] , the pERG N95 and pERG P50 ? N95 amplitudes were correlated significantly with other functional and structural measures. The P50 amplitude, however, was not correlated significantly with HVF MD or GCCV in the present study. Log ffPhNR amplitude was associated with HVF MD and GCCV, but the correlations did not reach statistical significance (p = 0.06 and p = 0.10 for HVF MD and GCCV, respectively). The borderline nonsignificant values are likely due to the sample size and the relatively mild disease severity of most patients in the present study; combining the present data set with that published previously [13] resulted in stronger, statistically significant correlations between log ffPhNR amplitude and HVF MD (r = 0.64, p \ 0.01, N = 20), as well as between log ffPhNR amplitude and GCCV (r = 0.48, p = 0.03, N = 20). Log fPhNR amplitude was also not correlated significantly with HVF MD or GCCV. The IIH subjects had a wide range of HVF MD values (-1 to -30 dB), but their fPhNR amplitudes were generally within the range of normal. Although the two IIH subjects with the greatest HVF MD loss also had relatively small fPhNR amplitudes, three of the four IIH subjects who had normal HVF MD values had fPhNR amplitudes at or below the normal mean. In general, the fPhNR does not appear to be a particularly useful index of RGC function in IIH patients. That is, it is not reduced significantly in these individuals and it does not correlate well with other structural and functional measures. In contrast, the pERG measures do correlate well with other structural and functional measures, suggesting that the pERG may be a more useful index of macular RGC function. The explanation for the differences between the pERG and fPhNR is not entirely clear, but these two tests of macular RGC function differ in several respects including adaptation level, stimulus type (i.e., achromatic pattern vs chromatic diffuse), as well as stimulus duration and luminance. It is also possible that the PhNR and pERG measures are biased toward different sub-types of RGCs, which could affect their associations with other clinical measures. This possibility is consistent with the local versus panretinal distinction between these measures noted above; future work is needed to evaluate this further.
Conclusion
In conclusion, the results indicate that electrophysiological measures of RGC function, the PhNR and pERG, provide complementary information regarding RGC dysfunction in IIH patients. The pERG is useful in that it provides information regarding macular RGC abnormalities, and the amplitude of the response correlates with both structural and functional measures. Although the correlation between the ffPhNR and structural and functional measures is somewhat weaker, the ffPhNR can capture RGC dysfunction that is confined to, or predominately in, the peripheral retina.
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